INTRODUCTION
Esterase activity is located in the endoplasmic reticulum (ER) of rat liver cells Beaufay et al., 1974) . It is shared by several isoenzymes, which are either free in the lumen or loosely bound to the inner side of the membrane (Mentlein et al., 1980; Robbi & Beaufay, 1983) . The early steps in the biosynthesis of several microsomal esterases cannot be distinguished from those of many secretory proteins. The polypeptide chain is synthesized by bound polyribosomes, cotranslationally discharged into the ER lumen and processed by proteolytic cleavage and core glycosylation (Robbi & Beaufay, 1986 . However, esterases are sorted out of the traffic of secretory proteins. How they acquire their stable localization in the ER is still poorly understood. It has been shown (Munro & Pelham, 1987) that several other proteins of the ER lumen share the C-terminal sequence -KDEL, which is essential for their retention in the cell. The C-terminal sequences -EVX (X = S, N or Q) and -AVL reported by Mentlein et al. (1984b) for pl 6.4 and pl 6.1 esterases respectively suggest that this retention mechanism might not apply to all the proteins of the ER lumen, in particular to these enzymes.
Microsomal esterases are most probably involved in the metabolism of xenobiotics and of natural substrates (Mentlein et al., 1984a; Mentlein & Heymann, 1984) . They are encoded by different genes (Simon et al., 1985) . The mature molecules are glycoproteins of the high-mannose type and migrate in SDS/PAGE as polypeptides of approx. 60 kDa. They are most easily resolved on the basis of their electric charges, and therefore are referred to by the pl value (Mentlein et al., 1980; Robbi & Beaufay, 1983) . The pl 6.1 enzyme (genetic nomenclature ES-1O; Mentlein et al., 1987 ) is a homotrimer; the other three enzymes are monomers.
We have undertaken the structural characterization of these enzymes to learn more about the molecular basis responsible for their stable association with the ER and their function. The work was initiated on the pl 6.1 enzyme, the prominent esterase in rat liver. A cDNA clone, encompassing the whole coding sequence of the precursor protein, was identified in a rat liver cDNA library constructed in Agtl . We present the sequence of this clone and the predicted amino acid sequence of the encoded protein. Similarity to other esterases and implications on the biosynthesis and intracellular targeting are also discussed. Part of these results have been presented in abstract form (Robbi & Beaufay, 1989 The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession number X51974. Davis (1980) , with Escherichia coli Y1090 as the host bacterium. The filters were probed overnight with a rabbit antiserum specifically directed against the native pI 6.1 esterase (Robbi & Beaufay, 1987) , at a dilution sufficient to detect 1 ng of antigen. The bound antibodies were treated with pig anti-(rabbit IgG) antibody followed by peroxidase-rabbit anti-peroxidase complex (Dakopatts, Copenhagen, Denmark) . The immunoreactive plaques were located with 4-chloro-l-naphthol and H202. The positive clones-were picked and further purified through two or three additional rounds of screening until all plaques gave a positive signal, and amplified as plate stocks. To search further for a full-length cDNA, another rat liver cDNA library in AgtlI (Wistar rats) was constructed and screened with an oligonucleotide (24-mer) corresponding to the 5'-end of the already known structure. This probe was radiolabelled with [y-32P]ATP (> 1000 Ci/mmol) and T4 polynucleotide kinase.
Preparation of antibodies specific for pl 6.1 esterase fusion proteins Nitrocellulose filters derived from confluent plates of each of the four immunoreactive recombinants and Agtl 1 were first blocked with 3 % (w/v) gelatin in Tris-buffered saline (150 mmNaCI/50 mM-Tris/HCI buffer, pH 8.0) and then incubated for 6 h with anti-(pI 6.1 esterase) serum (1:100) in 1 % gelatin in Trisbuffered saline. After extensive washing of the filters with Trisbuffered saline, the bound antibodies were eluted by four I min rinses in 0.15 M-NaCI/0.5 % Triton X-100/1 % gelatin/5 mmglycine buffer, pH 2.3 (Weinberger et al., 1985) . The eluents were promptly neutralized by mixing with 40 ml 1 % gelatin in Trisbuffered saline, pH 8.3, and used without further dilution for immuno-blotting.
PAGE and immuno-blotting
Proteins were resolved on a discontinuous 10 % polyacrylamide gel as described by Laemmli (1970) . Esterases were detected by histochemical staining with a-naphthyl acetate as substrate (Ljungquist & Augustinsson, 1971) . For immunoblotting, proteins were transferred electrophoretically to nitrocellulose as described by Towbin et al. (1979) . The filters were blocked with 3 % gelatin in Tris-buffered saline and incubated with the affinity-selected antibodies. The bound antibodies were located by enzymic staining with the reagents supplied by (Marck, 1988) . Restriction enzymes and T4 ligase were purchased from Bethesda Research Laboratories (Gent, Belgium) or Boehringer (Mannheim, Germany) and used in accordance with the manufacturers' instructions.
RESULTS
Characterization of immunologically detected cDNA clones for pl 6.1 esterase Screening of the commercial rat liver cDNA library (Sprague-Dawley) in Agtl 1 with a rabbit antiserum to pl 6.1 esterase yielded four positive clones out of 2.2 x 105. These immunoreactive clones were designated IA1 to IA4. They contained inserts ranging in size from 0.9 to 1.1 kbp and overlapped extensively (result not shown).
That these clones indeed harbour cDNA inserts encoding fragments of the pI 6.1 esterase is demonstrated in Fig. 1 digests of these clones revealed that they contain inserts ranging in size from 0.6 to 1.9 kbp (results not shown). The two longest, HA26 and HA29, which by restriction mapping were found to be very similar, and the immunologically detected clone IA1 were retained for further characterization and sequencing (Fig. 3) . These clones still did not encompass the complete coding region of the precursor of pl 6.1 esterase subunit. A cDNA clone containing the full-length coding region was obtained from another rat liver cDNA library (Wistar rats) in Agtl 1, by screening with a 24-mer oligonucleotide corresponding to the 5'-end of HA26 and HA29 (Fig. 3 ). This yielded a single positive clone, HB . Sequencing of this clone confirmed the earlier data and contributed 2 bp of the initiator codon and 48 bp of the 5'-end untranslated region not present in the clones isolated from the commercial library (Fig. 3) .
The cDNA sequence of clone HB1 (see Fig. 3 ) and the predicted amino acid sequence for pl 6.1 esterase subunits are shown in Fig. 4 . The first ATG codon in this sequence is probably the start site for translation, being located in the consensus sequence for eukaryotic initiation codons (Kozak, 1986) 61 N= SYPPMCSQDAVGGQVLSELFTNRKENIPLQFSEDCLYLNVYTPADLTKNSRLPvMvW 2***T********G*V*KL*ADMLSTG**S***E*********I*S***************
IHGGGLVVGGASTYDGQVLSAHENVVVVTIQYRLGIWGFFSTGDEHSRGNWGHLDQVAAL
181 HWVQDNIANFGGNPGSVTIFGESAGGFSVSALVLSPLAKNLFHRAISESGVVLTSALITT R* ** * ** * ** ** * *D* * ** ** ** ** *V~** ** * ** * ** * ** * ** * ** * ** * ** * *TN*DKK 0 0 241 DSKPIAKNIATLSGCKTTTSAVMVHCLRQKTEDELLETSLKLNLFKLDLLGNPKESYPFL NTQAV*QM*******NN*S*A****Q*******A****LTV*---.**.--------NTSM 301 PTVIDGVVLPKTPEEILAEKSFNTVPYIVGINKQEFGWIIPTLMGYPLSEGKLDQKTAKS S****************T************F***********M**NL****RMNE*M*S* A---------.I--360 LLWKSYPTLKISEKMIPVVAEKYFGGTDDPAKRKDLFQDLVADVIFGVPSVMVSRSHRDA F*KRFS*N*N***SV**AII***LR*******K*E*LL*MFS**F**I*A*LM***L*** 420 GAPTFMYEFEYRPSFVSAMRFKTVIGDHGDELFSVFGSPFLKDGASEEETNLSKMVMKYW ****Y****Q*******DQ**Q**Q*** ***I*****T****E***********L***F*
480 ANFARNGSPNGGGLPHWPEYDQKEGYLKIGASTQAAQRLKDKEVAFWSELRAKEAAEEPS *******N***E******K********Q***T**Q**K**GE*****T**L**NPPQTEH *-DK-.---S--R 540 HWKHVEL TEHT Fig. 5 . Comparison between the amino acid sequences predicted for the mature rat liver pl 6.1 esterase subunit and for other rat liver esterases (Long et al., 1988; Takagi et al., 1988) The sequences are shown in single-letter code. Amino acid residues corresponding to pl 6.1 esterase subunit (first lines) are numbered in the lefthand margin. The second lines compare that sequence with that deduced from cDNA cloning by Takagi et atl.(1988) , which is identical with that reported simultaneously by Long et al. (1988) except for residues 156-157, which were Phe-Gly instead of Ile-Trp. Hyphens indicate gaps introduced for maximal alignmen Amino acids common with pI 6.1 esterase are labelled *; His and Ser residues of the active site are labelled *; Cys residues are labelled *; potential N-glycosylation sites are underlined and C-terminal tetrapeptides are in bold characters. The structure of purified peptide fragments that were sequenced by Takagi et al. (1988) and by Long et al. (1988) are shown by (+) and (*) respectively, interspaced by residues that were inconsistent with their cDNA sequence.
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rules for signal-peptide cleavage sites (von Heijne, 1983) ; (2) the size of the leader peptide is compatible with the difference in molecular mass between the precursor and the proteolytically processed polypeptide chains (Robbi & Beaufay, 1987); (3) the N-terminus of the mature protein is Tyr, as shown by Edman degradation of the purified protein (Mentlein et al., 1980) . The polypeptide chain contains two potential N-glycosylation sites, one of which is used and bears a high-mannose-type oligosaccharide (Robbi & Beaufay, 1987; Natsuka et al., 1988) . As discussed below, the C-terminal tetrapeptide is not identical to but is related to the localization signal for the ER lumen in animal cells (Munro & Pelham, 1987) and yeast (Pelham et al., 1988) . Only four differences between the clones derived from the commercial library (Sprague-Dawley strain) and HB1 were noted in the coding region: Gln-168 (CAG) instead of Arg-168 (CGG), Lys-247 (AAG) instead of Asn-247 (AAT), (ATG) instead of Ile-405 (ATA) and (AAC) instead of Ser-488 (AGC). A single-base substitution was also detected in the 3' non-coding sequence: G-1777 instead of A-1777. Whether these differences are due to strain or allelic variations is unknown.
Takagi et al. (1988) and Long et al. (1988) have reported cDNA sequences coding for rat liver carboxylesterases. The nucleotide and amino acid sequences reported by these two groups are nearly identical, but they differ noticeably from the sequence predicted in our work (Fig. 5) . The amino acid sequences predicted by Long et al. (1988) and Takagi et al. (1988) , however, do not satisfactorily match the amino acid sequences they determined experimentally from peptide fragments of the purified protein. These peptide fragments match much better with the sequence deduced from our cDNA clones. Presumably, we all attempted to sequence the cDNA coding for the same protein, but Long et al. (1988) and Takagi et al. (1988) extracted from their libraries cDNA clones coding for another still-to-beidentified isoenzyme.
DISCUSSION
Here we report the first cDNA sequence coding for the full length of the precursor polypeptide of a well-characterized microsomal carboxylesterase. The encoded protein is the pl 6.1 enzyme [identical with esterase El or ES-10 (Mentlein et al., 1987) ]. Indeed, the fusion proteins produced by the recombinant bacteriophages bind rabbit antibodies that, after release from the antigen-antibody complex, specifically react with the authentic protein isolated by non-denaturing PAGE. The amino acid sequence predicted starting from the first ATG codon is fully compatible with a preprotein containing a removable signal peptide (first 18 residues) (von Heijne, 1983) , and with earlier data about the structure and properties of the mature protein (next 547 residues). The pl value calculated from the amino acid composition (6.08) is identical with that determined by isoelectric focusing (Robbi & Beaufay, 1983) . However, the structure of the C-terminus is different from that reported by Mentlein et al. (1984b) . As there is no predicted AVL sequence near the Cterminal end, the discrepancy cannot be accounted for by partial 1990 proteolytic degradation of the protein. Probably the method used earlier to sequence the C-terminus of the purified protein has failed. Korza & Ozols (1988) and Ozols (1989) have established the primary structure of two microsomal esterases purified from rabbit liver and designated 60 kDa esterase forms 1 and 2. Comparison of these protein sequences with the predicted amino acid sequence for pl 6.1 esterase from rat liver reveals 770% identity with form 1 and 56 % identity with form 2 (Fig. 6) . The Ser and His residues identified as part of the active site by diisopropyl phosphate binding (Korza & Ozols, 1988) and four Cys residues are present in the three proteins. The pl 6.1 and form 1 enzymes share one of their two potential N-glycosylation sites (Asn-61). Presumably this site bears the single highmannose-type oligosaccharide chain present in each pl 6.1 esterase subunit. Esterase form 2 has a single glycosylatable Asn residue located elsewhere in the molecule. The pl 6.1 and form I esterases show a remarkable similarity, spread over their whole length, except for a short segment (residues 161-182) where the structure of pl 6.1 esterase is closer to that of esterase form 2. The C-terminal ends of the three enzymes are highly charged. The C-terminal tetrapeptides are identical, except for the antepenultimate residue. Hydropathy plots and a-helix and fl-sheet amphilicity distributions (results not shown) suggest that pI 6.1 and form 1 esterases are closely related enzymes in the two animal species.
Rabbit 60 kDa esterase form 1 behaves as a monomeric transmembrane protein with its C-terminal end accessible to trypsin on the cytoplasmic side (Korza & Ozols, 1988; Ozols, 1989) , whereas rat pl 6.1 esterase is a trimer and behaves as a luminally exposed peripheral protein. It requires a detergent for extraction from microsomal membranes but not for the subsequent purification steps (Mentlein et al., 1980; Robbi & Beaufay, 1983) . In this earlier work we have also shown that the activity of rat liver esterase pl 6.1 is highly sensitive to trypsin and chymotrypsin when the protein is free, but remarkably resistant in sealed microsomal vesicles. This implies that any membranespanning segment connecting the catalytic domain to a putative cytoplasmically exposed C-terminus should be located after residue His-448. In that part of the sequence the maximum hydrophobicity value on a segment of 21 residues is below 0.42 in the rabbit and rat proteins, making the existence of a membrane-spanning helix highly unlikely (Eisenberg et al., 1984) . Thus the structural analysis strengthens our earlier conclusion that pl 6.1 esterase is not inserted in the phospholipid bilayer, but resides in the ER lumen.
The various esterases sequenced so far each harbour a different C-terminal tetrapeptide, none of which is identical with the -KDEL signal that retains several intraluminal proteins in animal cells (Munro & Pelham, 1987) . The known C-terminal tetrapeptides of rat and rabbit esterases have the structure HXEL, in which X is V, I or T. In fact, they are closer to the sequence -HDEL, identified as an ER-targeting signal in yeast cells (Pelham et al., 1988 Vol. 269 retention in the ER, some variation is tolerated for the antepenultimate residue, and the species-specificity of H-and Kprimed sequences is less sharp than originally thought, or depends on other structural features of the protein.
Note added in proof (received 21 May 1990) Our interpretation that the C-terminal dipeptide -EL is the most stringent requirement for retention of certain proteins in the ER lumen is based on the structure of several natural esterases. It is now strengthened by the results reported by Andres et al. (1990) , who show that variants of proneuropeptide Y are retained in cells of the AtT-20 line when one of the tetrapeptides KDEL, DKEL, RDEL or KNEL is added to the C-terminus.
